A lport syndrome (AS) is a hereditary kidney disease caused by mutations in type IV collagen genes. 1 The most common form has X-linked (XLAS) dominant inheritance and involves mutations in the COL4A5 gene coding for the a5 chain of type IV collagen. 2 A less common autosomal recessive form (ARAS) results from mutations in the a4 (COL4A4) and/or a3 (COL4A3) chains located on chromosome 2.
3, 4 The autosomal dominant form arises from heterozygous mutations in COL4A4 or COL4A3 genes, and its frequency is more important than previously thought. [5] [6] [7] [8] Nearly 800 pathogenic variants in AS genes have been reported so far, 9À11 with strong genotypeÀphenotype correlations. 12, 13 Mutation type has been associated with age at onset of end-stage renal disease (ESRD) in either XLAS or ARAS patients. Nonsense mutations or mutations resulting in downstream stop codons confer a higher risk for developing ESRD before the age of 30 years, compared with missense mutations. Extrarenal disease such as hearing loss and ocular lesions is also more frequent in patients with severe mutations. [12] [13] [14] In females with COL4A5 mutations, AS is less severe than in males, and no clear genotypeÀphenotype correlation has been established. 15 For patients with AS reaching ESRD, kidney transplantation is the best treatment option. Overall, patient and graft survival rates after transplantation are excellent. [16] [17] [18] [19] However, transplanting a kidney graft with a normal glomerular basement membrane (GBM) to a patient with AS exposes the recipient's immune system to "new" GBM collagen antigens and can lead rarely to posttransplantation de novo anti-GBM disease, as illustrated by a number of case reports or small series. [16] [17] [18] [19] [20] However, no large series has yet assessed the occurrence of this complication as well as the posttransplantation outcomes of AS patients according to the type of underlying COL4A5/A4/A3 mutation.
Taking advantage of the identification of the causal mutation in our own cohort of AS patients who have undergone transplantation, we examined here whether the severity of the mutation in the AS gene affects graft and patient survival after kidney transplantation, including the occurrence of anti-GBM nephritis.
METHODS

Inclusion Criteria and Outcomes
All patients who underwent transplantation by our team between January 1972 and December 2014 for AS with an identified mutation in the COL4A5/A4/A3 gene were included. Patients with clinical features of AS but lacking genetic proof of mutation were excluded (n ¼ 32). Demographics, extrarenal features (ocular lesions or hearing impairment), age at ESRD, modalities of renal replacement therapy, time from ESRD to transplantation, age at transplantation, donor source, induction treatment, immunosuppressive regimen, and creatinine serum level at 1 year, 5 years, and at last follow-up were recorded. Cardiovascular events defined as cardiac, cerebral, or peripheral vascular disease, neoplastic disease, or infectious complications after transplantation were also recorded. All kidney graft biopsy findings were reviewed. Biopsies were performed for increased serum creatinine or new onset of significant proteinuria. Acute rejection was defined as a biopsy-proven rejection requiring treatment. De novo anti-GBM disease was defined as crescentic or necrotizing glomerulonephritis with linear glomerular IgG deposits in the graft biopsy. The study was approved by the Biomedical Ethics Committee of the Université Catholique de Louvain (Brussels, Belgium).
Genetic Testing and Definition of Severe and Nonsevere Mutations
Mutations in COL4A5/A4/A3 genes were identified by DNA analysis on blood samples obtained from patients followed up at the outpatient clinic at the time of the study. For patients who had died or were lost to followup, DNA analysis was performed on stored samples from kidney biopsies or nephrectomies.
We performed a combination of 4 multiplex polymerase chain reactions (ALPORT MASTR Multiplicom, MRC-Holland, Amsterdam, the Netherlands) and nextgeneration sequencing analysis of the COL4A5/A4/A3 genes as described. 7 Large rearrangements were screened using 3 specific Multiplex Ligation-Dependent Probe Amplification, or MLPA, kits (MRCHolland, Amsterdam, Netherlands), the P191/192 COL4A5 probemix, the P439 probemix containing probes for 33 of the 52 exons of the COL4A3 gene and the P444 probemix that contains probes for 35 of the 48 exons of the COL4A4 gene. Nucleotide numbering of variants reflects cDNA numbering, with þ1 corresponding to the A of the ATG translation initiation codon in the reference sequences (COL4A3: NM_000091.3, COL4A4: NM_000042.4 and COL4A5: NM_000495.3). Large rearrangements, truncating mutations, splice-site defect, and nonsense mutations leading to a premature stop codon were classified as severe. Missenses mutations and in-frame deletion were considered to be nonsevere. 13, 14 Statistical Analysis Results are presented as median (minimumÀmaximum), mean AE SD, or as number and percentage as appropriate. Univariate analyses were performed using the Pearson correlation coefficient for continuous variables and the Student t test or Fisher exact test for binary variables as appropriate. Patient and graft survival rates were calculated according to KaplanÀMeier curves. For survival analysis, grafts were censored at the time of death or loss to follow-up. For multivariate analysis, exponential survival fit was used. Statistical analyses were performed using JMP Pro 12 software (SAS Institute Inc., Marlow, Buckinghamshire, England). All tests were 2-tailed, and a P value < 0.05 was considered as significant.
RESULTS
Patient Characteristics
Among 3908 patients who underwent kidney transplantation between January 1972 and December 2014, a total of 105 patients had transplantation for AS diagnosed on clinical or pathological criteria, fulfilling expert guidelines recommendations. 21, 22 Genetic testing was performed on blood samples in 49 patients and on stored tissues in 22 patients who had died or were lost to follow-up. A causal mutation was found in 42 and 20 patients, respectively, belonging to 58 families. Members of the same family were assumed to share the same mutation. We excluded 32 patients with no genetic proof of AS, comprising 7 patients in whom DNA analysis did not confirm AS and 25 patients lost to follow-up.
The 73 patients with AS and an identified mutation we included received 93 kidney grafts (Table 1) . Patients were predominantly male and Caucasian/ white. The median age at ESRD was 26 years (range, 11À71 years). Only 3 patients were on peritoneal dialysis. Seven patients had preemptive first kidney transplantation. The median age at first transplantation was 28 years (range, 12À73 years). All patients received induction treatment. Maintenance therapy was cyclosporine in 69%, tacrolimus in 31%, azathioprine in 73%, mycophenolate mofetil (MMF) in 25%, and corticosteroids in 98%. A total of 60 transplantations were performed before 1995, and 33 after 1995. The median follow-up was 16 years (range, 1À42 years). Characteristics of women with AS are detailed in Table 2 .
Genotypes of AS patients
Most patients had a causative mutation in COL4A5 gene (57 of 73, 78%), whereas autosomal recessive inheritance was confirmed in 8 patients with COL4A3 mutations (11%) and in 5 patients with COL4A4 mutations (7%) (Figure 1a ). Two heterozygous mutations were detected in 2 patients (53 and 59) compatible with an autosomal-dominant form of AS (3%). One patient was compound heterozygous for 2 causative mutations in COL4A3 and COL4A4 genes.
In COL4A5 gene, severe mutations included 7 splicing mutations in 8 patients, 5 nonsense variants in 6 patients, 7 small deletions, and 3 genomic rearrangements in 16 patients. Twelve of these severe mutations are novel. Nonsevere mutations included 22 missense variants, 16 of which were novel, in 27 patients.
In COL4A3 and COL4A4 genes, homozygous or compound heterozygous mutations resulting in a protein truncation were detected in 7 patients (5 in COL4A3 and 2 in COL4A4). Compound heterozygosity consisting of 1 null mutation and 1 missense variant was observed in 4 other patients. These 2 groups were classified as carrying a severe mutation (Figure 1b) . Mutations are included in the Leiden Open Variation Database (LOVD) as described by Savige et al., 11 and are detailed for each patient in Table 3 .
Outcomes According to Severity of Mutation
The median age at ESRD was significantly lower in patients with severe mutations compared to nonsevere mutations (median 23 years, range 11À61 years, vs. median 30 years, range 13À71 years; P ¼ 0.0086). Age at first transplantation was also significantly lower in patients with severe mutations (median 27 years, range 11À67 years, vs. median 32 years, range 15À73 years; P ¼ 0.011). Posttransplantation cardiovascular, infectious, and neoplastic complications were similar in patients with severe and nonsevere mutations; acute rejections were more frequent in patients with severe mutations (P ¼ 0.03) ( Table 4) . Patient survival was similar in patients with severe and nonsevere mutations (100% at 1 year [89%] vs. 84% at 5 years; 83% vs. 75% at 10, 15, and 20 years; P ¼ 0.46) (Figure 2 ). Graft survival was also not affected by the severity of mutation (77% for severe vs. 63% for nonsevere mutation at 5 years, 60% vs. 55% at 10 years, 55% vs. 55% at 15 years, and 55% vs. 50% at 20 years; P ¼ 0.65) (Figure 3 ). Members of 4 families (3 with severe and 1 with nonsevere mutations) had excellent graft survival of more than 15 years, in the absence of rejection. Graft survival in the remaining 5 families (3 with severe and 2 with nonsevere mutations) was Anti-GBM Nephritis and Linear Glomerular IgG Deposits A total of 50 biopsy samples (26 in patients with severe mutations) were available. Clinically significant anti-GBM glomerulonephritis occurred in only 1 patient, who had a truncating COL4A5 mutation (identifier 1, Table 2 ). This patient underwent transplantation in 1977 at age 18 years with a kidney from a deceased donor with 1 human leukocyte antigen (HLA) mismatch, and immunosuppression with azathioprine and steroids. He presented 6 years later with an increase in serum creatinine (2.5 mg/dl) accompanied by microscopic hematuria and proteinuria (4.6 g/l). A graft biopsy sample revealed crescentic glomerulonephritis and linear IgG deposits along the GBM. Circulating anti-GBM antibodies were negative by enzymelinked immunosorbent assay and by immunoblotting as described by Savage. 23 He lost his graft within a few months, and underwent transplantation again 6 months later, in 1984, with a kidney from a deceased donor. His immunosuppression consisted of cyclosporine and corticosteroids. An acute rejection episode on day 7 was treated by steroids and local radiotherapy.
Anti-GBM disease recurred 3 years later, with the same clinical and histological presentation, leading to graft loss after 6 months.
Linear IgG glomerular deposits without glomerular lesions on light microscopy were observed in 4 grafts (identifiers 13, 34, 38, and 55 in Table 2 ) out of 48 graft biopsy samples. Two patients (identifiers 34 and 38) had small indel or genomic rearrangement in COL4A5. Patient 13 had a novel missense variant affecting a highly conserved glycine at residue 340 of a (IV) chain, and patient 55 was homozygous for a nonsense mutation in COL4A4. All patients were given immunosuppressive treatment with azathioprine. Three of these patients showed lesions of mild acute rejection, treated with corticosteroids (combined in 1 patient with antilymphocytic serum). One patient showed lesions of advanced chronic rejection and was lost to follow-up within 1 year. Two patients were lost to follow-up 6 and 16 years later with functioning grafts. One patient presented with acute rejection 2 years later: linear IgG deposits were no longer present on graft biopsy. He soon lost his graft.
DISCUSSION
In this study, we report that patients with AS related to a severe mutation in COL4A5, COL4A3, and COL4A4 gene have very good outcomes after kidney transplantation, similar to AS patients with a nonsevere mutation. Patient and graft survival were excellent; however, clinically significant anti-GBM nephritis occurred in 1 male patient with a severe COL4A5 mutation, manifesting later than previously reported, recurring in a subsequent graft, and leading twice to graft loss. Our cohort of patients is consistent with reported series of AS, with regard to the mode of inheritance and type of mutation as well as the spectrum of clinical manifestations. AS was X-linked in 78% and autosomal recessive in 18%. The distribution of the mutations found in the COL4A5 gene (47% missense with 88% as glycine substitution, 38% truncating, 14% splice-site defects) does not differ from series of AS cases previously reported. 12, 13 The median age at ESRD in our patients with COL4A5 mutations was 25 years (range 12À66 years), and the patients reached ESRD earlier if the mutation was severe versus nonsevere (median 23 years, range 12À61 years, vs. median 28 years, range 13À66 years; P ¼ 0.026). This is also in agreement with previous studies that have reported that patients with X-linked AS with severe mutations arrived at ESRD earlier than patients with nonsevere mutations. In their European cohort, Jais et al. reported that large deletions, nonsense mutations, or small mutations changing the reading frame conferred to affected male patients a 90% probability of developing ESRD before the age of 30 years, whereas this risk was 50% and 70% in patients with missense and splice site mutation, respectively. 12 Likewise, a U.S. report showed that age at ESRD was 25 years for patients with truncating mutations versus 28 years for those with splice-site mutations and 37 years for those with missense mutations. 13 The severity of the mutation also affects the extrarenal involvement of the disease in males with X-linked AS. 12, 13 Outcomes after kidney transplantation are reportedly good, but no published data exist yet on the possible effect of mutation severity on long-term outcomes of AS patients. Our study shows that the severity of the mutation is not associated with increased complications after transplantation, and does not have an impact on patient and graft survival. As identifying the mode of inheritance of AS is important for providing genetic counseling in affected families, this observation is of interest. Indeed, informing on the severity of the mutation and its impact on age at ESRD can be stressful, but will then be balanced by awareness that the severity of the mutation does not have an impact on the long-term outcomes after kidney transplantation.
De novo anti-GBM nephritis after transplantation is a potential complication of AS that is unique to this disease. It has been reported to occur in 3% to 5% of males with AS who have undergone transplantation, 16 ,17,24,25 although more recent studies have pointed to a lower incidence of the disease: 2.4% of patients, and 3.1% in the subgroup of male AS patients in the Byrne et al. report 19 and 0.4% in the Mallett et al. cohort. 26 In our study, anti-GBM occurred in only 1.4% of AS patients, 1.7% in the subgroup of male AS patients, and 2% in male patients with COL4A5 mutation, which is lower than previously reported. It is interesting to note that our patient with de novo anti-GBM disease underwent transplantion in the early era of transplantation under azathioprine and corticosteroids. The advent of more potent immunosuppressive regimens in the past 3 decades (calcineurin inhibitors and MMF) might explain the lower incidence of the disease. Indeed, a review of published cases of anti-GBM disease showed that 70% had at least 1 episode of acute rejection, suggesting inadequate immunosuppression. 19 Moreover, MMF interferes with purine synthesis in lymphocytes. It inhibits the proliferation of both T and B cells, which reduce the synthesis of antibodies. In 2002, a Spanish group showed that MMF had a preventive effect on mercury-induced anti-GBM nephritis in rats, as it blocked anti-GBM antibody synthesis, thereby avoiding glomerular IgG deposits, proteinuria, and the development of nephritis. 27 Also, Takeda et al. reported, 2 years later, in a different rat model of anti-GBM nephritis, a significant reduction in proteinuria and crescent formation with MMF treatment. 28 The onset of anti-GBM disease usually occurs within the first year after transplantation, leading to graft loss in 90% of patients within a few weeks to months after diagnosis. 20 Our case of de novo anti-GBM shows that anti-GBM nephritis may manifest much later after transplantation (here 6 years) and may recur in a subsequent graft, leading to graft loss. The recurrence risk after retransplantation is very high. Recurrence can occur despite an interval of many years between transplantations and without any detectable circulating antibodies. 29 The majority of reported patients who have developed posttransplantation anti-GBM nephritis are males with X-linked AS and severe COL4A5 mutations. 12, 13, [30] [31] [32] In these patients, the transplanted GBM is recognized as foreign as a consequence of the absence of intact a3a4a5 (IV) trimers in their GBM. Anti-GBM antibodies recognize primarily the a5 (IV) chain, although anti-a3 (IV) antibodies were reported in 1 AS patient with a COL4A5 deletion.
31,32 X-linked AS males with missense mutations have preserved a-chain trimers and are at low risk for developing anti-GBM nephritis. 33 In line with this observation, the 3 X-linked AS males (of 118 patients) reported by Jais et al. who developed anti-GBM disease had large deletions of the COL4A5 gene, as in our patient, confirming that the risk in these patients of developing anti-GBM nephritis is much higher compared to that in the the total AS population. 12 Interestingly, however, 16 other patients in that report with a large rearrangement of COL4A5 and 32 with a small mutation expected to produce a truncated a5 (IV) protein did not develop anti-GBM glomerulonephritis in the graft. We add further information, showing, in our study, that 29 of 30 X-linked AS patients with a severe mutation did not develop anti-GBM disease. Other factors are thus involved in the development of anti-GBM nephritis.
Four of our patients presented with linear IgG on immunofluorescence without histological signs of glomerulonephritis. In these patients, this finding did not translate into poor graft outcome. This glomerular linear IgG deposition without deterioration of graft function was reported in 1986 by Quérin et al. and considered as a marker of mild alloimmunization. 34 We show, in our patients, that IgG linear deposition occurs not only in COL4A5 but also in COL4A4, and in both severe and nonsevere mutations.
Our study is the first to report AS genotype in a kidney transplant recipient with an extended followup. Also, a large number of kidney graft biopsy samples were available, allowing the appreciation of linear IgG deposits. We acknowledge, however, the limitations of this study. Its retrospective nature makes it subject to collection bias. Also, we could not gather the genetic mutations for all of our cohort of AS patients, although these data were available in 76%. Nevertheless, we have included a substantial number of patients with genetically proven mutation, and our follow-up is very extensive, allowing an analysis of long-term outcomes.
In conclusion, we report that although severe mutations affect the severity of AS with younger age at ESRD, it does not have an impact on patient and graft survival after transplantation. In the present era, in which genetic testing is widely available, this information has its importance. Also, in our cohort, de novo anti-GBM nephritis after transplantation is less frequent than previously reported, occurring in only 1.4% of AS patients, and in 2% of males with COL4A5 mutation. Improved immunosuppression with potent agents including MMF may have contributed to the decrease in the disease.
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